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We apply a scalar measure of nongyrotropy to the electron pressure tensor in a 2D particle-in-cell

simulation of guide field reconnection and assess the corresponding electron distributions and the

forces that account for the nongyrotropy. The scalar measure reveals that the nongyrotropy lies in

bands that straddle the electron diffusion region and the separatrices, in the same regions where

there are parallel electric fields. Analysis of electron distributions and fields shows that the

nongyrotropy along the inflow and outflow separatrices emerges as a result of multiple populations

of electrons influenced differently by large and small-scale parallel electric fields and by gradients

in the electric field. The relevant parallel electric fields include large-scale potential ramps emanat-

ing from the x-line and sub-ion inertial scale bipolar electron holes. Gradients in the perpendicular

electric field modify electrons differently depending on their phase, thus producing nongyrotropy.

Magnetic flux violation occurs along portions of the separatrices that coincide with the parallel

electric fields. An inductive electric field in the electron E�B drift frame thus develops, which has

the effect of enhancing nongyrotropies already produced by other mechanisms and under certain

conditions producing their own nongyrotropy. Particle tracing of electrons from nongyrotropic pop-

ulations along the inflows and outflows shows that the striated structure of nongyrotropy corre-

sponds to electrons arriving from different source regions. We also show that the relevant parallel

electric fields receive important contributions not only from the nongyrotropic portion of the elec-

tron pressure tensor but from electron spatial and temporal inertial terms as well. VC 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942031]

I. INTRODUCTION

Magnetic reconnection is a phenomenon that alters mag-

netic topology and converts stored magnetic energy into par-

ticle energy in charged plasmas. The process by which this

occurs is still a topic of debate and investigation. A parallel

electric field Ejj with certain properties is necessary to violate

the frozen-in flux condition, and to break the conservation of

field lines.1,2 Except at the smallest relevant spatial scales,

that of the electron skin depth, the gradients in electron pres-

sure tensor shears largely balance the parallel electric

field.3–8 These pressure shears manifest themselves as devia-

tions from gyrotropic symmetry about the magnetic field.

Therefore, understanding the production of nongyrotropic

electron populations is important to improving both theoreti-

cal models and observations of reconnection.

Signatures of electron nongyrotropy in the context of

magnetic reconnection have recently been observed in

space9,10 and in simulations.3,5,11–18 Chen et al.9 see electron

gyrophase signatures consistent with nongyrotropy in mag-

netotail reconnection with very little guide field, while

Scudder et al.10 observe a high value of their agyrotropy pa-

rameter at guide field reconnection in the magnetopause. In

simulations, Aunai et al.,11 Karimabadi et al.,7 Kuznetsova

et al.,13 Pritchett et al.,14 Scudder et al.,15 and Shuster
et al.16 observe and measure nongyrotropy in 2D or 3D anti-

parallel particle-in-cell (PIC) simulations of magnetic recon-

nection, while Hesse,12 Hesse et al.,3 Hesse et al.,5 and

Scudder et al.15 do so for guide field reconnection. Hesse12

and Hesse et al.3,12 estimate the effects of electron

nongyrotropy at the field-reversal region, while Scudder

et al.15 use a scalar measure of nongyrotropy they base on

only two of the eigenvalues of the electron pressure tensor,

as do Karimabadi et al.7 and Pritchett et al.14 for the antipar-

allel case. Here, we use the scalar measure of electron non-

gyrotropy based on all three eigenvalues of the

nongyrotropic pressure tensor as defined by Aunai et al.11 in

a PIC study of nongyrotropic electrons along the inflow and

outflow separatrices of antiparallel reconnection.

In their analysis of nongyrotropy, Aunai et al.11 develop

a scalar measure of nongyrotropy that takes into account all

the information from the full 3D nongyrotropic pressure

ellipsoid. Applying their measure to a 2.5D PIC simulation

of symmetric antiparallel reconnection, they find that the

nongyrotropy measure frames and localizes the electron dif-

fusion region. Applying their measure to an antisymmetric,

antiparallel 2.5D PIC simulation, they find that the nongyro-

tropy extends somewhat along the separatrices, but is maxi-

mized about the reconnection site. Their analysis of the

outflow electron distributions reveals the conjunction of

counterstreaming electron populations of different symme-

tries with respect to the magnetic field where the Hall By

component reverses. The collocation of populations with dif-

ferent symmetry thus produces an overall lack of gyrotropic

symmetry.

We apply the same measure, DNG, to the electron pres-

sure tensor in a 2.5D PIC simulation of symmetric reconnec-

tion with a guide field to locate enhanced nongyrotropy. To

observe how electrons are nongyrotropic, we collect particle
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distributions in field-aligned boxes in a layer that cuts across

regions of nongyrotropy in the inflow and outflow.

Furthermore, we examine the forces from relevant parallel

and other non-ideal electric fields as well as electron trajec-

tories to identify the sources and location of the nongyro-

tropic electrons.

The PIC simulation solves the Vlasov and Maxwell system

of equations with an initial Harris-like, symmetric configuration

in the x-z plane and a guide field By¼ 1, in units of the arbitrary

background field B0. The conditions for a Harris equilibrium

are B0
2/(2l0)¼ n0(Tiþ Te) and vdi� vde¼ 2/(keB0)(TiþTe),

where vdi and vde are the drift velocities in the out-of-plane

y-direction for the ions and the electrons, respectively. Here,

n0 is the density at the initial peak of the Harris sheet, Ti and

Te are the ion and electron temperatures, respectively, and k
is the width of the Harris sheet, where k/di¼ 0.5, di¼ c/xpi

is the ion skin depth, and xpi¼ (n0e2/e0mi)
1/2 is the ion

plasma frequency. The initial current sheet is defined by

Bx¼B0tanh(z/k) and a normalized guide field of By/B0¼ 1,

with reconnection initiated by a 3% X-type perturbation to

the normal magnetic field. The density profile is

n¼ n0sech2(z/k)þ nb, where nb is the background density

and nb/n0¼ 0.2. The grid size is 3200 � 3200 spanning 100

di along the outflow direction x and 50 di along the inflow

direction z, and the time resolution is 0.1¼xpe
�1, where

xpe¼ (n0e2/e0me)
1/2 is the electron plasma frequency. The

fields boundary conditions are periodic in x and conducting

in z, while the particles are specularly reflecting in z.

Magnetic fields are in units of the background field B0,

lengths in units of ion skin depth di, times in units of ion cy-

clotron period X�1
ci, densities in units of the uniform back-

ground density n0, electric fields in units of vAB0, currents in

units of j0¼B0/(l0c/xpi), and thermal pressures in units of

B0
2/l0. Here, vA is the Alfv�en speed B0/(l0min0)

1/2, and

Xci¼ eB0/mi is the ion cyclotron frequency. There are 109 par-

ticles and the mass ratio is mi/me¼ 100. Other defining

parameters are xpe/Xce¼ 2, Ti/Te¼ 5, and vA/c¼ (me/mi)
1/2

Xce/xpe¼ 1/20. Further details on the numerical scheme are

available in Ref. 4. In Section IV, we present particle trajecto-

ries. The trajectories are derived from a test particle integrated

in the interpolated simulation fields. The orbit integration

algorithm is the same as the one used in the actual PIC simula-

tions and works backward in time, updating the fields every

20 xpe
�1 for a duration of 100 xpe

�1, and interpolates the

equations of motion to a resolution of 0.005 xpe
�1.

We will first discuss the identification of regions of

enhanced nongyrotropy by applying to the simulation do-

main the scalar measure based on the electron pressure ten-

sor. In Section III, we will establish the nonideal electric

force environment present in the nongyrotropic regions. In

Section IV, we will then sample electron distribution func-

tions in a number of field-aligned boxes across regions of

enhanced nongyrotropy along the electron inflow and out-

flow directions to observe the features and structures of the

electron distributions as they change from gyrotropic to non-

gyrotropic. We will also show the results of particle tracing

to identify the histories of the nongyrotropic particles to so-

lidify their relationship with the local nonideal electric fields.

In Section V, we demonstrate the electron nongyrotropy, and

in some locations, the electron inertia are essential to balance

the observed large-scale parallel electric field.

II. NONGYROTROPY

The nongyrotropic part N of the pressure tensor is

N¼P�PG, where the gyrotropic part PG¼P?Iþ (Pjj �P?)bb,

with b the unit vector along B. Here, P? and Pjj are,

respectively, the perpendicular and parallel components of

the pressure tensor in field-aligned coordinates, where

Pjj ¼ b �P�b and P?¼ (tr(P)�Pjj)/2. Aunai et al.11 propose a

scalar measure of nongyrotropy based on the eigenvalues ki

of N and is normalized by the thermal energy,

Tr(P)¼Tr(PG). These authors define the scalar measure,

which they call DNG, as

DNG ¼

ffiffiffiffiffiffiffiffiffiffiffiffiP
i k

2
i

q

Tr PGð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i;j N2

i;j

q

Tr PGð Þ ; (1)

where in the last identity we have expressed the sum of the

eigenvalues using the Frobenius norm. Using the Frobenius

norm greatly reduces the number of numerical operations.

We apply this measure to the case with a guide field,

which we show in Fig. 1 along with magnetic field lines, in

white. In contrast to the antiparallel case, where DNG is local-

ized around the diffusion region,11 Fig. 1 shows that DNG

extends outward from the diffusion region roughly parallel

to the magnetic separatrices along both the inflow (lower left

and upper right quadrants) and outflow (upper left and lower

right quadrants). It forms a pair of bands in all locations and,

in the outflow region at least, is not exactly parallel to the

field lines, suggesting a time-of-flight effect is at play in

forming those bands. Along the inflow regions, localized

enhancements suggest patchiness superposed on the bands.

In Sections III–V, we will derive an explanation for the

structure of DNG and determine how and why the corre-

sponding electron distributions are nongyrotropic.

FIG. 1. The nongyrotropy parameter DNG (color) is elevated not only in the

diffusion region but also along the separatrices. It shows a striated structure

everywhere. The magnetic field lines (white) are oriented toward the right in

the upper half-plane, and the inflow separatrices lie in the lower left and

upper right quadrants.
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III. INFLUENCE OF THE ELECTRIC FIELD

Previous modeling and observational investigations of

reconnection have revealed both large scale and, in the case

of guide-field reconnection, small scale parallel electric field

structures.18–26 The small-scale structures take the form of

electron holes and bipolar electric fields along the magnetic

separatrices, where they are attributed to particle beam insta-

bilities.18,20,21,24,25 Existing research has also revealed large

scale parallel potential drops connected to the reconnection

region19,21,23,28,29 that coexist with the localized bipolar

fields when guide fields are present. From Wind and Cluster

measurements and simulations of guide field and antiparallel

reconnection, Egedal et al.22,30 also find an in-plane trapping

potential that emanates away from the x-line, consistent with

observations from Cluster.23 They find that the electric field

integrated along field lines from the ambient plasma to the

x-line produces a large-scale parallel potential that maxi-

mizes at the x-line and traps lower energy electrons.30 The

potential corresponds to a parallel electric field that points

away from the reconnection region.

In common with the above studies, we find localized

bipolar parallel electric fields as well as a large-scale net par-

allel potential drop on field lines entering and exiting the

reconnection region. Fig. 2 shows localized electron holes.

The parallel electric field is calculated from E�B/B averaged

over sixty simulation time steps, where each time step corre-

sponds to an evolution of the system over 0.1 xpe
�1. The

bipolar parallel fields congregate along the separatrices and

are particularly strong along the separatrices aligned with the

electron inflow. Observing the holes over time shows that

they move away from the x-line along field lines, primarily

along the out-of-plane direction.

An integration of the parallel electric fields along field

lines from the end of the simulation domain to the x-line of

our PIC simulation reveals a large-scale parallel potential

along field lines entering and exiting the reconnection region

of our simulation. Fig. 3 shows the integrated parallel elec-

tric field
Ð l
�1 E � B

jBj dl along field lines threading the diffu-

sion region. For clarity, only field lines along that have not

yet reconnected or are just undergoing reconnection are

included in the integration. The integration is performed

from the left side toward the x-line along the portions of the

field lines that lie in the left domain, and from the right to-

ward the x-line along the portions of the field lines that lie in

the right hand domain. Also note that this definition differs

from the traditional definition in that the direction of dl is

always the same as the direction of B. A net negative value

indicates an antiparallel electric field, and a net positive

value a parallel electric field. Because B points to the right in

the upper half-plane, and to the left in the lower half-plane,

the parallel electric fields point away from the x-line in all

quadrants. While the parallel field that contributes to the net

potential is weak in amplitude compared to the bipolar fields,

the nonzero integrated value shows that it is persistent and

collocated with the bipolar fields. The scale and polarity of

the potential is consistent with previous results in the antipar-

allel case.30 As in the previous work,30 the net potential

ramp along the outflow separatrix is much smaller than along

the inflow separatrix. Along the inflow, the integrated paral-

lel electric field starts to grow where the Hall magnetic field

pulls the field line further out of the plane, supporting the

view that the field line picks up the reconnection electric

field as it grows in the þy direction. The contribution of the

reconnection electric field has been discussed in depth previ-

ously.31 Though much smaller in magnitude, the large-scale

parallel electric field coincident with the outflow separatrix

(upper left, for example) opposes the direction of the recon-

nection electric field (which, because of the guide field,

would be parallel to B) and therefore cannot be attributed to

the total reconnection electric field. We shall return to this

question in Section V, where we demonstrate how the terms

of Ohm’s law contribute to the nonideal electric field along

the separatrices coinciding with the inflow and outflow

directions.

One correction that can produce nongyrotropic electrons

is related to electric field gradients. This phenomenon hasFIG. 2. The parallel electric field.

FIG. 3. The integrated parallel electric field
Ð l
61 E � B

jBj dl along field lines

threading the diffusion region. For clarity, only field lines along that have

not yet reconnected or are just undergoing reconnection are included. The

integration is performed from the left side toward the x-line along the por-

tions of the field lines that lie in the left domain, and from the right toward

the x-line along the portions of the field lines that lie in the right hand do-

main. A net negative value indicates an antiparallel electric field, and a net

positive value a parallel electric field. Because B points to the right in the

upper half-plane, and to the left in the lower half-plane, the parallel electric

fields point away from the x-line in all quadrants.

022114-3 Wendel et al. Phys. Plasmas 23, 022114 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  128.183.168.166 On: Fri, 24 Jun

2016 13:31:23



been observed in the context of shocks, where gradients of

the electric field pointing in a direction perpendicular to B

and parallel to a component of E induce an effective gyrofre-

quency xc,eff that differs from xc.
32,33 We will denote the

portion of the electric field that arises from a gradient that

satisfies these conditions as $?E?�r?, where the perpendicu-

lar direction is defined with respect to B and r denotes a dis-

tance vector. For example, an electric field E¼E0þ z@Ez/@z
that is orthogonal to B yields an effective gyrofrequency

x2
c,eff¼x2

c� q/m@Ez/@z such that the effective gyroradius

becomes reff¼ v/xc,eff. Thus, it is possible to have values of

the electric gradient that make the gyrofrequency effectively

smaller and the gyroradius effectively much larger, allowing

the particles to become nonadiabatic. For electrons, this

occurs when $?E?�r? points in the same direction as E.

Even if the gradient is in a sense that x2
c,eff>x2

c, the effect

influences particles with different initial thermal speeds dif-

ferentially, such that the ensemble can still become nongyro-

tropic. For moderate values of $?E?�r? and for electrons,

x2
c,eff¼x2

cþ e/m@Ez/@z. Cole32 shows that in the frame

drifting with the electrons, the particles still gyrate, but the

gyrations become elliptical and that the ellipse is offset at an

angle relative to B. The gradient modifies the usual Eo�B

drift in a way that depends on the initial particle thermal ve-

locity perpendicular to E and B and on the initial particle

gyrofrequency. Thus, particles with different speeds will

drift differentially, and the direction of the drift will be deter-

mined by the sign of $?E?�r? relative to the direction of

E?. Fig. 4(b) shows the in-plane components of the total

electric field by black arrows and DNG in color. Along the

separatrices, especially the separatrices with the inflowing

electrons, the in-plane E has a component perpendicular to B

and also has a gradient along that same direction. At the

locations of high DNG, the gradients $?E?�r? are in the

same sense as the direction of E?. They are generally posi-

tive in the vicinity of the elevated DNG. In this case, the

gyrofrequency will not be effectively reduced. However, the

nongyrotropic regions harbor gradients in the perpendicular

electric field that are consistent with the possibility that these

forces produce differential drift of electrons exposed to it,

and therefore contribute to electron nongyrotropy.

Another contribution to the electron nongyrotropy along

the separatrices comes from a nonzero curl of the nonideal

electric field. The total nonideal electric field in the electron

rest frame ENI¼Eþ ve�B is shown for a small region

along an inflow separatrix in Fig. 4(a). Here, the color again

corresponds to the out-of-plane component ENI,y, and the

black vectors are the in-plane components. The in-plane

components are also elevated along the electron holes, sug-

gesting the presence of forces that could produce electron

nongyrotropy. It is strongest on field lines that are reconnecting

or have just reconnected. Furthermore, all three components of

the curl of the nonideal electric field $�ENI, shown in Fig. 5,

are nonvanishing along the separatrices and near the diffusion

region. The condition $�ENI¼ @B
@t �r� ve � Bð Þ 6¼ 0 is a

necessary and sufficient condition for violation of magnetic

flux conservation (e.g., Ref. 34). The z component,

($�ENI)z¼ @ENI,y/@x, reflects the bipolar structures of

the electron holes. In contrast, the in-plane gradients

that contribute to the x and y components, e.g.,

($�ENI)y¼ @ENI,x/@z� @ENI,z/@x, where @ENI,x/@z domi-

nates, produce structures coherent on large spatial scales

along the separatrices and the y component exists in the diffu-

sion region. The nonideal field is therefore rotational and has

a strong rotational component perpendicular to z and y along

the electron Larmor orbits gyrating about the magnetic field

lines. We note here, however, that the strength of the non-

ideal effects along the separatrices is sensitive to the mass ra-

tio and may be reduced at a more realistic mass ratio.27

Even if the particles do not slip further than a Larmor ra-

dius from the field line, this rotational component of ENI will

affect the gyration speed about the gyrocenter, which we call

vh in cylindrical gyrocenter coordinates. Under certain condi-

tions, it will also affect the azimuthal symmetry of vh, and

FIG. 4. (a) The total nonideal electric

field Eþ ve�B, the y-component in

color and the in-plane components as

black arrows. (b) The total electric

field E poloidal components, black

arrows, against the parameter DNG in

color. The red box is located at one of

the distributions analyzed in this study.
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thus the gyrotropy. In the electron gyrocenter coordinates,

there is an effective emf
Ð

ENI�dr¼6
Ð

ENI,hcos(/)rLdh on

the path of the electron Larmor orbit, where dr¼ rLdh is an

element of the orbit, rL is the electron Larmor radius, u is

the angle between the plane of the rotational part of ENI and

the plane of the electron orbit, and the sign depends on

whether ENIcos(/) is parallel or antiparallel to the orbit.

Even if we ignore electron inertial contributions to ENI and

neglect density gradients, the pressure divergence will

produce a change in vh of dvh/dt¼6eENI,h �6(�$�Pe)h/

neme¼6[xc/vh@vh
2/@hþ @(vhvz)/@z]. Here we have set vr

and terms containing it equal to 0, the radial coordinate

r¼ rL¼ vh/xc, and z to be along the direction of B. If we

assume that vh is uniform with h and z, then dvh/dt¼6vh@vz/@z
and vh¼ vh,0exp[6

Ð
t0(@vz/@z)dt]. (We know that, and as we

will demonstrate in Section IV, the parallel gradient in vz

exists because the electrons are accelerated along the field

lines by the parallel electric fields.) If the direction of ENI

and the sign of @vz/@z are uniform over the gyroperiod, this

has the consequence that the gyration speed will change

more over time for those particles that have a larger parallel

gradient in their parallel speed, but it does not yield any

phase dependence and the electrons therefore remain gyro-

tropic (except there may be some dependence as to the phase

of particles at t0). However, if the sign of ENI�dr or @vz/@z
changes during an orbit, then part of the orbit will see a

decrease in vh and part of the orbit will see an increase, thus

producing a phase dependence and a nongyrotropy. As the

bottom panel of Fig. 5 shows, ENI�dr changes sign in con-

junction with the holes (with the change in sign occurring in

the middle of the potential wells). Therefore, particles that

are fast enough to stream across the holes will encounter this

effect as they cross the boundaries, so we would expect it to

most influence those particles with the largest parallel veloc-

ities. The importance of this effect on the fast particles would

depend on how many gyrations occurred between encounter-

ing a change in ENI�dr. Moreover, as we discuss in Section

IV, slower particles spend some time bouncing within the

holes and therefore undergo a change in the sign of @vz/@z at

each turning point of their bounce and a change in sign of

ENI�dr within the well during their transit. The result is that

the particles with the largest parallel velocities within the

hole—i.e., those that are traversing the minimum in the well

where ENI�dr changes sign, will become nongyrotropic at

this juncture. Fig. 25(a) in the Appendix gives a heuristic

picture of these two scenarios.

Now if we include dependence of vh on h, for example,

as might already exist from another source, such as the gradi-

ent $?E?�r?, then the above expression for dvh/dt includes

the term 6 xc@vh/@h. This demonstrates that the curl of ENI

acts upon existing nongyrotropy. If, for example, there is an

azimuthal bump in the distribution, then @vh/@h is positive

on one side of the bump and negative on the other side of the

bump (see Fig. 25(b) in the Appendix). Thus, with time, this

term increases vh on one side of the bump and decreases it

on the other. Finally, we point out that any component of

ENI that is not symmetric during an orbit, such as produced

by a gradient in ENI over the orbit, may serve to create fur-

ther azimuthal asymmetries in the electron orbits about B.

The regions surrounding the boxes in Figure 4 reveal that

gradients in ENI exist over the boxes.

IV. ELECTRON DISTRIBUTIONS

To verify the sources of electron nongyrotropy, we col-

lect distributions from boxes aligned with the magnetic field

that span the sections of inflow and outflow with enhanced

DNG. In Fig. 6(a), the grid locations of the distributions are

identified against the backdrop of DNG (color) by numbered,

colored boxes along the inflow (lower left) and outflow

FIG. 5. $�ENI 6¼ 0 along the mag-

netic separatrices, indicating an induc-

tive electric field in the frame of the

electron drift velocity.
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(upper left) in a region flanking the x-line. (A magnification

of the lower left separatrix, in Fig. 6(b), shows box 2 high-

lighted in red. This view reveals the gap where we take

boxes 3 and 3t between strips of elevated DNG.) The boxes

are 0.5 di high and 1.0 di wide and are chosen to be small

enough to avoid aliasing and large enough to collect suffi-

cient particles. Some boxes lie along different sections of

the same field lines to match potential wells and hills in the

parallel electric field. The final distributions are obtained

from averaging distributions from 60 time steps in order to

increase the number of particles and improve statistics. The

distributions presented are reduced distributions, meaning

that, to produce F(vx,vy), for example, we have integrated the

phase space distribution along vz.

Fig. 7 shows the running average of DNG and the den-

sity ne, and ujj � �
Ð x
�1 E � b̂dl as a function of field line

length l for the field lines containing boxes 2, 3, and 4.

(Here, we plot the negative of the integral as plotted in

Fig. 3 in order to show the potential as an electron would

see it. Once again, this definition differs from the traditional

definition in that the direction of dl is always the same as

the direction of B.) From these curves, we can see that gen-

erally DNG tends to grow and ne tends to decrease as jujjj
increases. The black dashed line through the center of box

4t, for example, ties the hole with a local peak in DNG and

enhancements in ne at the edges of the hole. Fig. 8, a magni-

fied view of these quantities for the field line containing

box 2 (which we will call FL 2) reveals further enhance-

ments in DNG and depletions in ne at potential wells, for

example, between the dashed lines. FL 3 corresponds to

the lower nongyrotropy gap between the strips of enhanced

nongyrotropy of FL 2 and FL 4 along the inflow (see

Fig. 6(b)). While it has larger nongyrotropy than the back-

ground, it is much smaller than on FL 2 and FL 4.

Nevertheless, it displays the same general correlations

between DNG, ne, and ujj as FL 2 and FL 4. These

FIG. 6. (a) A region flanking the x-line with elevated DNG (background

color) and the boxes along the inflow (lower left) and outflow (upper left)

where we take electron distributions. (b) A magnification of the lower left

separatrix, with box 2 highlighted in red. This view shows the gap where we

take boxes 3 and 3t, which lies between strips of elevated DNG.

FIG. 7. DNG (top), electron density (middle), and the parallel potential (bot-

tom) as a function of field line length for the three field lines along the

inflow (FL 2, FL 3, and FL 4) at which we sample electron distributions.

The dashed line marks the center of box 4t, with enhanced DNG.

FIG. 8. A magnification of the curves from Fig. 7 that corresponds to FL 2.

The highlighted segments show the two locations where we take distribu-

tions on this field line. The region between the dashed lines shows the rela-

tionship between the electron holes, the density, and the nongyrotropy

parameter. Where the parallel potential becomes stronger (more negative) at

the holes, DNG shows local enhancement. The density shows enhancements

at the boundaries of the holes.

022114-6 Wendel et al. Phys. Plasmas 23, 022114 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  128.183.168.166 On: Fri, 24 Jun

2016 13:31:23



relationships suggest connections between the nongyro-

tropy and the electron holes and larger scale features of Ejj.
Therefore, on FL 2, 3, and 4, we take a series of successive

boxes that align with the potential hills and valleys, as shown

by highlighted segments of the parallel potential curves in

Fig. 9. The locations of sequential boxes where we will take

distributions are distinguished by highlighting in alternating

shades and by labels, and there are successive boxes on each

field line that correspond to potential hills and wells. FL 2 has

not yet reconnected and has a high value of DNG. This field line

lies on the lower stripe of large DNG. FL 3 has just reconnected,

and at the location of the boxes has a higher DNG than the back-

ground, but lower than on adjacent field lines. FL 4 has been

reconnected longer than FL 3 and has a high value of DNG. It

lies on the upper stripe of high DNG along the inflow. The first

distributions that we will discuss belong to the boxes as labeled

along the field lines. From each PIC distribution, we will also

choose approximately ten particles from within the distribution

that have varying velocities and trace their trajectories by inte-

grating backward in time. The particles are chosen to provide

good coverage of interesting structures in velocity space. From

these trajectories, we will present only those that are character-

istic of the observed distribution features in velocity space.

FIG. 9. The potential hills and valleys at the highlighted and labeled suc-

cessive boxes where we take the distributions along three inflow field

lines.

FIG. 10. (a) The trajectory (purple curve) for a particle in the beam population. The background color is the parallel electric field. The bracketed numbers in

the legend are the end velocity of the particle chosen for tracing. (b), (c), and (e) The electron distributions in field-aligned coordinates. The black asterisk

marks the average velocity of the distribution, and the blue asterisk is the E�B drift velocity. The black cross marks the location of the particle traced back-

ward in time in (a). The parallel beam is composed primarily of particles accelerated from the left side of the simulation domain by the net parallel potential

drop. Acceleration by the net parallel potential drop at the location of the box is consistent with the average velocity of the beam. (d) The reduced distributions

f?,1 resulting from summing over v?,2, and f?,2 from summing over v?,1. (f) Overlay of f?,1 and f?,2.
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We first consider box 2 from FL 2, which is at the loca-

tion of a potential hill on a field line that has not yet recon-

nected. There are two populations with distinct statistical

features. From tracing a number of particle trajectories

within these populations, we find three characteristic histor-

ies of the electrons arriving at this location. Figures 10(b),

10(c), and 10(e) show three views of the log of the distribu-

tion—two views in the v?, vjj plane and one looking along

the magnetic field line direction at the v?,1 v?,2 plane.

Fig. 10(f) shows the contours of the distribution with respect

to v?,1jvjj (black) and v?,2jvjj (red) simultaneously. Fig. 10(d)

shows the distributions f(v?,1) (black) and f(v?,2) (red) that

result from integrating f(v?,1, v?,2) along each of the varia-

bles. For the purpose of discussion to come later, the curve

for f(v?,2) has been shifted to the left so that its average

matches that of the curve for f(v?,1). Here, vjj> 0 is parallel

to B, and vjj< 0 is antiparallel to B. The rotation into field-

aligned coordinates are such that the v?,1 direction lies per-

pendicular to B in the x-y plane, and the v?,2 direction lies

perpendicular to B in the plane defined by B and z. The black

cross marks the velocity in the original x, y, and z coordi-

nates, of the electron selected for the given particle trajec-

tory, the black asterisk marks the average velocity of the

distribution, and the blue asterisk corresponds to the E�B

drift velocity. Figs. 10(b) and 10(e) show that the distribution

is composed of a field-aligned beam and a slower population

with a somewhat different symmetry with respect to the

magnetic field direction. The samples of trajectories from the

beam population, such as the one shown in Fig. 10(a), are

accelerated from the left in toward the x-line, as expected.

The estimated average parallel velocity of the beam,

10.77vA, is consistent with acceleration by the parallel poten-

tial drop, 11.62vA. The high density central part of the slower

population tends to belong to particles that have traveled

along field lines from the lower right part of the simulation

domain and are undergoing reflection (Fig. 11). Particles

with smaller vjj< 0 than those in the main part of the beam

tend to come from two groups. One group includes electrons

that have been E�B drifting and then kicked toward the x-

line by encounters with the parallel potential structures, such

as shown in Fig. 12. The other group consists of those that, af-

ter traveling along field lines from the lower right part of the

simulation, have been reflected back toward the x-line by Ejj fur-

ther downstream, as shown in Fig. 13. While these particles may

be trapped by the large scale potential, as observed by Egedal

et al.,30 they have acquired a boost to the right and are not

trapped by the local structure. This is as expected because the

location of the box lies on a potential hill, not a potential well.

The distributions in Fig. 10 provide evidence that the

electrons are nongyrotropic. Fig. 10(c) shows that the aver-

age velocity deviates slightly from the E�B drift velocity

and that the distribution does not coincide with a circle (pur-

ple) centered on the mean velocity. Therefore, at least some

of the electrons are not simply E�B drifting. The view with

respect to v?,1 vjj in Fig. 10(b) shows that the deviation of

the average velocity from the drift speed occurs in both the

beam and the slow population. Fig. 10(b) also shows that the

beam population’s center of symmetry is clearly offset from

that of the slow population. The reduced distributions f(v?,1)

and f(v?,2) (obtained from integrating over one v? direction)

in Fig. 10(d) reveal that neither reduced distribution is sym-

metric about the mean, since both curves are plotted with

FIG. 11. The slow population consists

of electrons that are passing or

reflected from the right of the x-line or

reflected by Ejj. Most are getting

reflected.
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FIG. 12. Particles near the edge of

both populations with small vjj< 0 are

sometimes, as here, drifting before get-

ting trapped and kicked toward the x-

line.

FIG. 13. Some slower particles in the

beam population originated on the

other side of the x-line and have been

reflected by the parallel electric field or

possibly mirrored.

022114-9 Wendel et al. Phys. Plasmas 23, 022114 (2016)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  128.183.168.166 On: Fri, 24 Jun

2016 13:31:23



respect to a common average (that of f(v?,1)). (If both curves

were symmetric about the mean, then they would either

overlap or one curve would lie inside the other.) Moreover,

their shapes differ from one another, and the shape of the

reduced distribution f(v?,1) is asymmetric about its mean. All

of these features signify the distribution’s deviation from

gyrotropic symmetry about the magnetic field. Fig. 10(f)

shows from the overlay of the distributions f(v?,1, vjj) and

f(v?,2, vjj) that this asymmetry comes largely from the beam

population, though there are asymmetries in the slow popula-

tion as well. Though subtle, there is a preference for particles

with v?,1> 0 in the beam population, and also a predilection

of particles with v?,1> 0 to have a larger velocity antiparal-

lel to B, and that this feature is largely responsible for the

nongyrotropy apparent in Fig. 10(c).

There are several sources for the nongyrotropy of the

electrons in box 2. These include the influence of the gra-

dients in the electric and magnetic fields and the emf in the

gyrocenter coordinates, as discussed earlier. For example,

the beam is moving fast enough along the field line that it is

possible the electrons are seeing a different magnetic field

during a gyroperiod, thus creating an effective gyrophase

bunching. The fastest particles would also be most subject to

the gradients and curl of ENI, and the fastest particles in the

beam show the largest nongyrotropy.

As shown in Fig. 14, the distributions for box 2t, which

are on FL 2 but correspond to a local potential well, include

the beam and slower populations, but the slower population

is more dispersed in velocity than the one in box 2. The tra-

jectories of the slower particles that were traveling from the

right are now either reflected as before (Fig. 14), or trapped

in the well (Fig. 15), or have enough energy to pass over the

potential hill and continue on to the left (Fig. 16). The

trajectory of the trapped particles shows that the electrons

that are trapped are reflected once they hit the local well and

then bounce back and forth within the well, while they also

E�B drift with the field line. The inset to Fig. 15 shows the

parallel electric field at the time the particle is initially

reflected and trapped and, as expected, shows good corre-

spondence with the location of the reflecting wall of the well

at that time. The spread in the slow, trapped population’s

velocities probably reflects a sloshing back and forth of the

particles within the well.

There are indications that the trapped population is non-

gyrotropic from exposure to the well and that the beam is

nongyrotropic. The nongyrotropic asymmetries that charac-

terize the distribution in box 2 appear here as well, as the

lack of circular symmetry and the slight deviation from the

E�B drift speed attest. The asymmetries in the beam are

similar to those in box 2, but now the beam is much narrower

in the parallel direction than in box 2. In the slow population,

there are very few particles that are either just barely

reflected or that have been reflected further away from the x-

line. The slow population is less concentrated and includes

some particles still moving away from the x-line toward the

left. We attribute this to the fact that we are seeing primarily

a trapped population and a population that is still moving

along field lines from the right that have not been reflected,

since this box lies in a well and not on a hill.

The influence of the parallel electric field, the curl and

gradients of ENI, and the gradients $?E?�r? might be

expected to have a stronger effect on the slow population, as

it consists primarily of particles trapped by the small-scale

local potential well. The trapped particles, for example, are

encountering a change in sign of @vz/@z at each side of the

well. However, at this stage, the trapped particles do not have

FIG. 14. Some of the slower popula-

tion particles have been reflected on a

trajectory from the other side of the x-

line. The average velocity is distinct

from the E�B drift velocity.
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strong anisotropy. This may be because the box lies on field

lines that have not yet reconnected, and ENI and its gradients

are strongest on field lines that have reconnected (Fig. 4).

The orientation and shape of the beam population sup-

port the conclusion that the gradients of the electric field per-

pendicular to B influence the gyroperiod and thus the

gyrotropy of the population. For instance, Fig. 14(d) shows

that at the lower energies corresponding to the trapped popu-

lation, v?,2> v?,1. The shape of the distribution is therefore

elliptical in the trapped population, with semi-axes that differ

by about 20%. Cole32 predicts the resulting differential drift

vD is given by vD ¼ xc
2

xc;eff
2

E0

B þ v1ð1� xc
2

xc;eff
2Þ, where v1 is the

initial particle thermal speed perpendicular to B and to

d?E?�r?, and E0 is the unperturbed background electric field

component perpendicular to B. The drift is along the direc-

tion of v1. In our case, v?,1 lies in a direction perpendicular

to B and the plane defined by B and z, where z is roughly the

direction of $?E?�r?, and thus corresponds to v1 in Cole’s

analysis. Thus, the drift affects particles with different v?,1

(and different x) differently. As Cole32 points out, this is

tantamount to a temperature effect on v?,1. In the rest frame

of the drifting electrons, the particle gyrations are elliptical.

Because $?E?�r? is in general positive and therefore xc
2/

xc;eff
2< 1, the theory predicts the radius of the orbits along

v?,1 will be smaller than that along v?,2 by a factor of xc/

xc;eff
2. These features are therefore consistent with the pre-

diction by Cole32 for the case of moderate gradients

$?E?�r?. All of these factors that contribute to the nongyro-

tropy owe to the electrons’ interaction with the parallel and

total nonideal electric field and with field gradients present at

the location of the distribution.

FL 3 has just reconnected, and we first look at the distri-

bution of box 3, shown in Fig. 17, located on a potential hill.

At this location, there is only a beam with an average parallel

velocity of 11.4vA that is accelerated from the left by the

potential ramp, which produces a velocity of about 13.6vA.

There is no slow drifting, passing, or reflected population. We

attribute this to the fact that there are no longer new particles

arriving from the lower right, since the field line has just

reconnected, and there has not yet been enough time for par-

ticles injected from the upper half-space to have reached the

location. Thus, there is some elevated nongyrotropy within

the beam, for the reasons explained earlier, but the value of

the nongyrotropy is significantly lower than that of the neigh-

boring field lines because it only has the beam population.

Box 3t, on the other hand, is adjacent to box 3 but lies in

a potential well. Therefore, it now hosts an additional

trapped population as well as the beam, as we see from Fig.

18. Again, there is a clear preference for v?,1> 0, suggesting

the perpendicular nonideal electric forces affect not only the

beam but the trapped electrons as well. The distribution of

the trapped population is not symmetric with respect to the

E�B drift speed, and thus is not aligned with the average of

the faster population. Because the perpendicular components

in ENI tend to be larger where the value of Ejj is stronger in

the well, this suggests a correlation between the two forces,

and therefore may explain the correlation between electrons

with larger v?> 0 and larger vjj< 0. Because of this

FIG. 15. The slow population now

includes a number of trapped particles,

such as the electron following the tra-

jectory shown here. The inset shows

the parallel electric field at the time the

particle is trapped. There is good corre-

lation between the location of the

potential well and the location of initial

trapping.
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nongyrotropy, the value of DNG at this box is higher than

that of box 3, as seen in Figures 6 and 7. However, the

trapped population is significantly smaller than the trapped

population of FL 2, which has not yet reconnected.

Therefore, its value of DNG is still much smaller than that on

FL 2. The particles that are trapped, though show much more

distortion than in FL 2, which we believe is because the field

line has reconnected and now lies in a region with a more

FIG. 16. Particles with vjj> 0 fly in

from the right and have sufficient

energy to make it over the well.

FIG. 17. The nongyrotropy in box 3 is

much lower than in the adjacent box

3t, which holds some trapped particles

as well, and even lower yet than on FL

2 and FL 4. However, it is higher than

the background value, and we can see

it is coming from asymmetries in the

beam. There is still, for example, a

temperature anisotropy between v?,1

and v?,2.
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pronounced ENI. The trapped particles with the highest par-

allel velocities show the most nongyrotropic distortion, in

v?,1, perhaps a result of the change in the sign of $�ENI in

the middle of the box where the trapped particles’ vjj is great-

est. As discussed earlier, this force can produce a change in

the gyration speed during an orbit.

FL 4 has been reconnected somewhat longer than FL 3,

and again, like FL 2 it sees the highest elevated values of

DNG. In Fig. 19, we look at the distribution of box 4t lying on

a potential well. Its appearance is very similar to the distribu-

tion of box 2t, with a beam and a high density, dispersed

trapped population. However, the difference from box 2t is

that some of the trapped population consists of electrons that

have arrived from the upper left quadrant, since the field line

has already reconnected and enough time has passed since

then for an influx of particles to arrive from the upper half-

plane. Again, the trapped population’s lack of gyrotropic sym-

metry at their larger parallel velocities indicates a possible

interaction with the $�ENI and gradients in E? at the poten-

tial wells, which is stronger on field lines that have recon-

nected. Particles that are trapped and those that come from the

upper quadrant and have made it past the hill without being

reflected (the small population with vjj> 0) again show a fa-

voritism for v?,1> 0. The inset to the top panel of Fig. 19 is a

magnified view of the end of the trajectory showing that the

particle has been reflected. These particles are also not fully

magnetized. Electrons entering box 4t from the upper half-

plane may have also passed through the diffusion region.

The outflow populations of boxes 7 and 8 are again a col-

lection of electrons from different sources, but now there is

very little localized trapping because the holes are weak in

this quadrant. The distribution of box 7, on a field line aligned

with the lower strip of heightened DNG, includes electrons

that are accelerated away from the x-line and therefore have

interacted, either strongly or weakly, with the reconnection

electric field. We do not show the trajectories here, but some

particles have a moderate velocity parallel to the field line

and move in the positive x direction toward the reconnection

region. These particles have been drawn in by the larger scale

parallel electric field that points outward along the separatrix

in the upper left-half-plane, either after E�B drifting down-

ward toward the separatrix or after traveling from the far left

of the simulation domain. Also not shown are the trajectories

of some particles with vx<� 0 that have traveled from the

right, accelerated outward by the reconnection electric field,

only to be decelerated by the outward Ejj pointing to the left.

Some of the higher energy electrons that have come through

the reconnection region originated in the lower right quad-

rant, after having been reflected by the parallel electric field

in the lower left quadrant, as seen in Fig. 20. Other members

of the high-energy tail have passed directly through the diffu-

sion region and are strongly accelerated outward (Fig. 21).

Fig. 22 shows that the slower particles of the beam popula-

tion, after drifting toward the reconnection region from the

upper half-plane, interact weakly with the reconnection elec-

tric field, acquiring an outward acceleration. The members of

the high energy tail that have passed directly through the dif-

fusion region form the nongyrotropic part of the distribution

and have not yet had time to become fully magnetized on

their outward flight.

FIG. 18. The well in box 3t has higher

nongyrotropy than in box 3, because it

has trapped particles, as shown above.

However, the density of trapped par-

ticles is lower than on FL 2 or FL 4,

because FL 3 has just reconnected and

new particles are not yet arriving.

Therefore, DNG is nevertheless lower

than on FL 2 or FL 4.
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The distribution of box 8 on the upper band of high DNG

has a similar composition to that of box 7. Both field lines

have already reconnected, but FL 7 has reconnected first.

The difference between the distributions in box 7 and box 8

is that in box 8 the highly accelerated electrons in the tail of

the distribution come through the diffusion region from the

FIG. 19. In box 4t on FL 4, which

reconnected earlier than FL 3, some of

the trapped/reflected particles arrive

from the upper quadrant. The inset in

the top panel shows that this particle is

actually reflected forward.

FIG. 20. From this distribution in the

outflow, some electrons from the high-

speed nongyrotropic part of the tail

have passed through the diffusion

region from the lower half-plane, after

being reflected into the reconnection

region.
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upper right quadrant rather than the lower right quadrant, as

shown by Fig. 23. Again, this population accounts for the

nongyrotropic nature of the distribution. Thus, the gap of

low nongyrotropy between the two bands of high nongyro-

tropy along the outflow owes to the delay between the time

of flight of the electrons from the lower quadrant and those

from the upper right quadrant. Because FL 8 reconnects after

FL 7, the particles in box 8 have experienced a shorter time

of flight and have perhaps originated their journey before the

field line has reconnected. Thus, the particles from the upper

right quadrant arrive on any given reconnecting field line

earlier than those passing through the reconnection region

from the lower quadrant. We comment that the overall, ani-

sotropic structure of the main parallel and perpendicular

pressures in the outflow region is consistent with the theory

presented in Ref. 35, while the parallel and perpendicular

drifts are consistent with those as outlined in the trapping

model of Egedal et al.31

V. NONGYROTROPIC ELECTRONS AND THE
PARALLEL ELECTRIC FIELD

Anisotropy of the gyrotropic electron pressure tensor pro-

vides a first-order improvement over an isotropic electron pres-

sure to the reconnection equations of state, where the pressure

components have been made to balance the large-scale parallel

electric field.35 However, we find that, at least in the case of

guide field reconnection, the gyrotropic electron pressure ten-

sor cannot account for the entire parallel electric field on the

separatrix with electron inflow and contributes negligibly to

the parallel electric field along the outflow separatrix. Not only

are contributions from the nongyrotropic electrons important

but the electron inertial terms are as well, showing that even

the electron inertial effects can extend along the separatrices.

Fig. 24 plots various contributions to the generalized Ohm’s

law (grey curves) against the actual total integrated parallel

electric field (black curves) and reveals which contributions

equate to Ejj in which domain. The curves represent the net inte-

grated parallel electric field, or contributions thereto, for the field

lines that lie on the left hand side of Fig. 3. The electric field

has been integrated from the left edge of the simulation do-

main to the x position of the x-line in Fig. 3. The independent

variable is the vertical position z of the endpoints of integra-

tion on each field line. In Fig. 24(a), the grey curve

represents the gyrotropic electron pressure contribution,

�
Ð
r � Pe;G=ðneeÞ � b̂dl. While it approaches the value ofÐ

E � bdl at some locations in the lower-half plane

(the inflow separatrix), the gyrotropic electron pressure

contribution does not equate to
Ð

E � bdl over the entire

region, and accounts for none of
Ð

E � bdl in the upper half

plane (the outflow separatrix). In Fig. 24(b), the grey

curve is the total electron pressure contribution

�
Ð
r � Pe=ðneeÞ � b̂dl. The total pressure divergence

accounts for most of
Ð

E � bdl in the upper half-plane, but

overshoots in the lower half-plane. The grey curve in Fig.

24(c) includes the pressure and spatial gradient of the elec-

tron inertia, �
Ð
r � Pe=ðneeÞ � b̂dl� me=e

Ð
ve � rve � b̂dl,

which is again a poor match to Ejj. Finally, in Fig. 24(d),

the grey curve captures all contributions to Ohm’s law,

FIG. 21. Some members of the high-

speed tail arrive from the lower half-

plane and are then accelerated outward

by the reconnection electric field.
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�
Ð
r � Pe=ðneeÞ � b̂dl� me=e

Ð
ðve � rve þ @ve=@tÞ � b̂dl.

This result shows the best fit to
Ð

E � bdl, meaning that even

electron inertial terms play a role in balancing the large-

scale trapping potential. Clearly, all three terms play an

important role along the inflow. While the nongyrotropic

electron pressure term dominates along the outflow, the in-

ertial terms contribute a small amount there as well. We

note that the integrals, which include only the parallel

components of ENI, reflect the fact that there is a net con-

tribution to Ejj that persists over the oscillating bipolar

structures observed in Figures 2, 4, and 5, as was found in

Ref. 36.

VI. SUMMARY

We have demonstrated that the nongyrotropic distribu-

tions in the inflow and outflow of guide-field reconnection

include multiple populations with different origins and his-

tories. All the populations have all ultimately interacted in

some way with the nonideal electric fields and electric field

gradients that develop along the magnetic separatrices. As

discussed in the Introduction, the large-scale net potential

drop and the localized bipolar electron holes have been

observed in earlier studies, but here we show they play an

important role in producing nongyrotropic electrons. The

large-scale parallel electric field accelerates electrons along

the field lines to the point that the electrons see a different

magnetic field during a gyroperiod. The small-scale parallel

electric field structures both reflect and trap electrons. The

beam and the trapped populations deviate from symmetry

about B and from the E�B drift velocity. The elliptical

shape and the orientation of the distributions are consistent

with the predictions for nongyrotropic effects from perpen-

dicular gradients of E. The nongyrotropy, especially

amongst particles along the inflow that have been trapped

in the potential wells for a while, is consistent with the pres-

ence of nonzero $�ENI, where ENI is the nonideal electric

field, indicating an inductive electric field within the rest

frame of the electrons. The sign of the large-scale parallel

electric field is consistent with the direction of the recon-

nection electric field along the separatrix with electron

inflow, but not along the separatrix with electron outflow,

suggesting different forces balance the parallel electric

forces in the two regions. Indeed, comparing the contribu-

tions to Ejj from each term in Ohm’s law shows that the all

terms are important to balance Ejj along the separatrices

that support electron inflow, even though the total electron

pressure tensor dominates Ejj along the separatrix that sup-

ports the electron outflow. This suggests it is possible that

Ejj picks up the total reconnection electric field Ey along the

inflow, but not along the outflow. There is also the question

of the causal relationship between the nongyrotropic elec-

trons and the parallel electric fields. While the electron non-

gyrotropy to a large extent balances Ejj, the Ejj structures

may in turn influence or enhance the nongyrotropy. One

possible scenario is that the electron holes initiate the

FIG. 22. Some slower members of the

high-speed tail have drifted toward the

x-line and weakly grazed the reconnec-

tion electric field, which accelerates

them away from the x-line.
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nongyrotropy through trapping the electrons, and that the

resulting nongyrotropy in turn affects the final nature of Ejj.
Along the separatrices coincident with the electron inflow,

the nongyrotropy is elevated both on field lines approaching

the reconnection region that have not yet reconnected and on

those that have already reconnected. On field lines that have

not yet reconnected, there are slower populations that have

undergone reflection, and a fast beam accelerated inward by a

large-scale parallel electric field. At locations of small-scale

potential hills, the electrons are reflected forward without

trapping, and at locations of small-scale potential wells, the

particles are trapped within the wells where they bounce. The

beam becomes nongyrotropic by virtue of the particles moving

fast enough that the magnetic and electric fields change during

a gyroperiod. The trapped populations show evidence of non-

gyrotropy by their interaction with both the parallel and per-

pendicular components of the local nonideal electric fields.

Furthermore, the gradients in the electric field support an

anomalous gyroradius and an anomalous perpendicular drift

that varies with perpendicular electron speed (temperature).

FIG. 24. Comparison of the integrated parallel elec-

tric field �
Ð l
�1 E � b̂dl (black curves) to the parallel

integral of different terms in Ohm’s law (grey

curves). The curves represent the net integrated par-

allel electric field, or contributions thereto, for each

of the field lines in Fig. 3, where the field has been

integrated from the left edge of the simulation do-

main to the endpoints shown in Fig. 3. The independ-

ent variable is the vertical position z of the endpoints

of integration on each field line. (a) The grey curve

represents the gyrotropic electron pressure

contribution, �
Ð
r � Pe;G=ðneeÞ� b̂dl. (b) The grey

curve is the total electron pressure contribution

�
Ð
r � Pe=ðneeÞ � b̂dl. (c) Here, the grey curve includes

the pressure and spatial gradient of electron inertia,

�
Ð
r � Pe=ðneeÞ � b̂dl�me=e

Ð
ve � rve � b̂dl. (d) Here,

the grey curve captures all contributions to Ohm’s law,

�
Ð
r�Pe=ðneeÞ� b̂dl�me=e

Ð
ðve �rveþ@ve=@tÞ� b̂dl.

FIG. 23. FL 8 has just reconnected

(later than FL 7), and the nongyro-

tropic high-speed tail of the distribu-

tion comes from the upper right

quadrant.
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This effect potentially impacts all particles that come into con-

tact with it.

In the inflow on field lines that have just reconnected,

there is a much lower degree of nongyrotropy than on adjacent

field lines, though it is still larger than in the background.

Though within local potential wells there are some trapped

electrons, there are much fewer than on field lines that have

not yet reconnected and still receive a supply of particles from

the lower right quadrant. The field line has not been recon-

nected long enough for particles from the upper half plane to

reach the location. Thus, the trapped/reflected population is

much lower on these field lines, and therefore, the nongyro-

tropy is lower. The lower population of trapped electrons rela-

tive to that in wells on field lines that have not yet reconnected

begs the question of whether some of the trapped electrons

manage to escape the small-scale wells. A similar location on

field lines that have been reconnected somewhat longer starts

to receive particles from the upper half plane, which provide

the new source for trapped and reflected populations. Thus,

there is a gap of lower DNG between layers of elevated DNG

owing to a time-of-flight effect.

Within the outflow regions, the large-scale parallel

potential and the diffusion region affect the particles more

than the small-scale structures, because the holes are weak

there. Nongyrotropy is elevated on field lines that have al-

ready reconnected. On field lines that have just recon-

nected, nongyrotropic distributions consist of populations

of particles that drift in from above and glance through the

diffusion region, of those that are reflected back toward the

x-line, and of those that come from the upper right inflow

and are highly accelerated from passing through the diffu-

sion region (e.g., FL 8). On field lines that have recon-

nected somewhat earlier (e.g., FL 7), the nongyrotropic

distributions consist of similar populations, but this time

the highly accelerated beams have originated in the lower

half-plane before passing through the diffusion region. In

both cases, the highly accelerated beams that have encoun-

tered the reconnection electric field are still not fully mag-

netized and are responsible for the nongyrotropy. Thus,

again there is a time-of-flight effect that produces a fila-

ment of lower nongyrotropy between layers of very ele-

vated nongyrotropy.

To briefly summarize, we have found a relationship

between nongyrotropic electrons and large and small-scale

parallel electric fields. The small-scale electric fields are

electron holes that are most pronounced along separatrices

aligned with inflowing electrons, and a large-scale parallel

field whose in-plane component emanates away from the

reconnection region along all separatrices. The gyrotropic

pressure shears are insufficient to balance the parallel electric

fields. Along the separatrix with inflowing electrons, all

terms in the generalized Ohm’s law are required to balance

the observed large-scale parallel potential. Along the separa-

trix with outflowing electrons, the parallel electric field is

largely balanced by the entire electron pressure tensor diver-

gence with a small contribution from the time-dependent

electron inertia. These characteristics have important impli-

cations for detecting the inflow and outflow separatrices in

observations of guide-field reconnection. However, we note

that importance of these nonideal terms along the separatri-

ces may diminish with an increasing mass ratio. Both the

small and large-scale parallel electric structures trap elec-

trons. Along the separatrices supporting inflow, the gradients

in the electric field and the non-conservance of magnetic flux

contribute to the nongyrotropy. Along the separatrices with

outflowing electrons, particles have passed through the

reconnection region and are not yet fully remagnetized. With

guide field reconnection, nongyrotropy and the forces that

produce it are therefore present beyond the electron diffusion

region. They are accentuated also along the magnetic separa-

trices, heralding important implications for theory and obser-

vations of magnetic reconnection.
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APPENDIX: NONGYROTROPY THROUGH $ 3 ENI

FIG. 25. (a) Particles with large vz (velocity parallel to B) encounter a bound-

ary in the rotational nonideal field ENI (top) when crossing the middle of the

electron hole and entering the collection box (red) within the hole (here a

potential well). Thus, they gyrate through a reversal in the sign of r�ENI as

they accelerate over the electron hole. Particles with smaller vjj that oscillate

within the well (middle figure) of an electron hole will experience a reversal

inr�ENI at their peak parallel velocity in the center of the well and a rever-

sal in @vz/@z at the edges of the well. (b) Distributions that already have a

nongyrotropy and a @vh/@h will undergo an increase in vh on one side of the

distortion, where @vh/@h> 0, and a decrease where @vh/@h< 0.
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